We report herein a systematic mass spectrometric study of a series of thirty-one non-selfcomplementary, matched, DNA duplexes ranging in size from 5-to 12-mers. The purpose of this work is threefold: (1) to establish the viability of using mass spectrometry as a tool for examining solution phase stabilities of DNA duplexes; (2) to systematically assess gas-phase stabilities of DNA duplexes; and (3) to compare gas and solution phase stabilities in an effort to understand how media affects DNA stability. These fundamental issues are of importance both on their own, and also for harnessing the potential of mass spectrometry for biological applications. We have found that ion abundances do not always track with solution phase stability; GC content must be taken into account. Two duplexes with the same T m yet with differing GC content can yield different ion abundances. That is, if two duplexes have the exact same melting temperature, yet one has a higher GC content, the duplex with the higher GC content yields a higher ion abundance. It thus appears that not only is a GC base pair stronger than an AT base pair, but the relative strengths of each differ in the gas phase versus in solution, such that the electrospray process can differentiate between them. We also characterize the gas-phase stabilities of the duplexes, using collision-induced dissociation (CID) as a method to assess stability. We focus on two aspects of this CID experiment. One, we examine what factors appear to control whether the duplexes dissociate into single strands or covalently fragment; we are able to utilize a charge state normalization we coin "charge level" to compare our results with others' and establish generalities regarding dissociation versus fragmentation patterns. Two, we examine those duplexes that primarily dissociate and use CID to assess the gas-phase stabilities. We find that correlation of gas-phase to solution-phase stabilities is more likely to occur when duplexes of varying GC content are examined. Duplexes with the same GC content tend to have stabilities that do not parallel those in solution. We discuss these results in light of the different roles that hydrogen bonding and base stacking play in solution versus the gas phase. Ultimately, we apply what we learn to lend insight into the biological problem of how the carcinogenic, damaged nucleobase O 6 -methylguanine causes mutations. (J Am Soc Mass Spectrom 2006, 17, 1383-1395
intrigued by the question of how electrosprayed duplexes may or may not be similar to their aqueous and biological counterparts. As MS becomes a primary tool in biology, understanding what one sees in the gas phase becomes of paramount importance. The characterization of duplex stability in the gas phase can be accomplished by a variety of methods; one relatively straightforward technique is CID in an ion trap mass spectrometer [10 -18] . In previous work, we focused on the behavior of a series of 9-mer complementary and mismatched DNA duplexes at the Ϫ4 charge state [19] . In the present work, we wish to further expand our understanding of gas-phase DNA behavior by examining a systematic series of duplexes that differ in sequence, length, and charge state. Our ultimate goal is to understand how DNA in the gas phase, which should reveal intrinsic behavior, is modified by media, whether that medium is aqueous solution, an enzyme active site, or cellular plasma.
The systematic study described herein is capped by a biomedical study. Guanine is alkylated by environmental mutagens to form O 6 -methylguanine (OMG) [20 -23] . One of the mysteries of this transformation is that when replicating a DNA strand with OMG will pair that OMG with a thymine, rather than a cytosine (despite the fact that normal, undamaged guanine prefers cytosine) [24, 25] . Aqueous studies indicate that duplexes with OMG·C base pairs are more stable than those with OMG·T base pairs, so the preference of OMG for T in Nature is a mystery [26, 27] . The intrinsic, gas-phase affinity of OMG for T versus C is explored, capitalizing on what we learned in our systematic study. Because the polymerase enzyme that effects DNA replication may have a nonpolar active site, the preference of OMG for T versus C in the gas phase is relevant to biology. Using the techniques honed in this paper, we examine duplexes containing both OMG·C and OMG·T base pairs to ascertain whether in the absence of solvent OMG prefers T (in contrast to in aqueous solution).
Experimental

Sample Preparation
Desalted single stranded oligodeoxynucleotides were purchased from Sigma Genosys (The Woodlands, TX). To anneal the duplexes, stock solutions containing 62.5 M each strand in 40 mM NH 4 OAc aqueous solution at pH 7.0 were heated at 90°C for 10 min then cooled down slowly to 0°C. The final ESI solution consisted of 12.5 M DNA duplex in 40 mM NH 4 OAc mixed with 20% methanol.
Melting Temperature in Solution
The UV melting curves were obtained on an Aviv 14D-S spectrophotometer. All the measurements were performed at a duplex concentration of 5 M in 40 mM NH 4 OAc. Melts were monitored at 260 nm by increasing the temperature continuously from 0°C to 80°C. Derivative curves were obtained using KaleidaGraph. The estimated precision for melting temperature experiments is 0.3 °C [26] .
We also estimated the T m s for the DNA duplexes using the program MELTING [28] . The settings are as follows: (1) hybridization type: dnadna (for a DNA duplex); (2) nearest-neighbor parameters set: all97a.nn [29] ; (3) salt concentration: 0.04 M; (4) nucleic acid concentration: 5 M; (5) nucleic acid correction factor: 4 (for noncomplementary duplex [30] ; (6) salt correction: san98a [31] . The error associated with the predicted T m using MELTING is Ϯ1.6 °C [31] .
DNA duplexes with variable lengths (5 to 12 base pairs) were selected for stability studies. For each length, two duplexes with the same composition (and therefore the same molecular weight) but with different sequences were examined. The choice of sequences was guided by the MELTING program. For each length, we tried to choose isomeric duplexes that had different calculated melting temperatures. These choices, however, were also guided by the need to have low enough T m s to ensure that CID would result in duplex dissociation into single strands, not covalent bond breakage (Table 1 , vide infra) [11, [13] [14] [15] 32] . To simplify the nomenclature of each duplex in this paper, we use "I" to represent the more stable duplex in solution (higher T m ), and "II" for the less stable one in solution (lower T m ). For example, 5-mer-I is a duplex with 5 base pairs and it is more stable than 5-mer-II in solution.
ESI-Quadrupole Ion Trap Mass Spectrometer
Negative ion ESI-MS spectra were obtained with a Finnigan LCQ mass spectrometer (San Jose, CA). The 0°C solution was infused at 25 L/min directly into the mass spectrometer. The spray voltage was Ϫ4.0 kV while the capillary temperature was 175°C. Duplex abundance is normalized by using the equation:
where the values in brackets are absolute ion abundances (measured using peak heights) [13] . The reported duplex percentage (DS%) is an average of six full-scan measurements; the average standard deviation is Ϯ2.3% for the data in Table 1 , and Ϯ0.88% for the 8-mers in Table 2 .
CID experiments were performed in an ion trap by varying the relative collision energy with a default activation time of 30 ms and a q value of 0.25. The isolation width for CID is 5 Da for all duplex ions. For all the duplexes, the experimental parameters were kept constant. Experimental conditions were tuned by optimizing the Ϫ3 charged duplex ions of 8-mer-II (m/z ϭ 1605); the parameters thus obtained were applied to all the duplexes except those containing O 6 -methylguanine. The four 9-mer duplexes containing O 6 -methylguanine were examined under slightly different tuning conditions, which have been described previously [19] .
The applied collision energy is a normalized collision energy (in %) that corrects for the m/z dependence of the activation voltage required for ions of different m/z ratios [33] . The gas-phase stability of the duplexes is measured in a relative way by subjecting the duplex parent ions to increasing collision energies during the CID event in an ion trap. E 50 is defined as the applied collision energy at which 50% of the duplexes are dissociated into single strands, and is used to characterize the gas-phase stability [11] . Duplex dissociation profiles were fitted with sigmoid equations, and the corresponding E 50 values were derived using Origin 6.0 software [34] . The reported E 50 value for each duplex is an average of three measurements. The average standard deviation of the E 50 values is Ϯ0.06. It should also be noted that while absolute E 50 s, like T m s, can change under different experimental conditions, a series studied under the same conditions should have relatively comparable E 50 values [19, 35] .
Results and Discussion
Our goal is to systematically examine a series of duplexes that differ long and in sequence, and to examine how those differences are reflected in solution and gas-phase behavior, in an effort to make generalizations about gas-phase DNA structure and stability. Sixteen complementary duplexes with lengths varying from 5 to 12 base pairs were studied (Table 1) . For a given length, the two duplexes have the same composition (and therefore the same molecular weight), but different sequences. The duplexes are named such that "I" represents the more stable duplex in solution (higher T m , vide infra) and "II" represents the less stable duplex in solution (lower T m ). For example, 5-mer-I is a duplex with 5 base pairs and it is more stable than 5-mer-II in solution. The terms "ssX" and "ssY" refer to the two single strands that comprise each duplex; "ssX" is always the strand with the higher mass in a given duplex. Therefore, for 5-mer-I, the single strand 5=-GCGAT-3= (molecular weight 1503.0 Da) is ssX, while the complementary strand 3=-CGCTA-5= (molecular weight 1463.0 Da) is ssY.
Solution Phase Stability of DNA Duplexes (5-mer to 12-mer)
Our first step is to assess the solution phase stability of the 16 duplexes, to provide a comparison point for the gas-phase stabilities. When the temperature of a DNA duplex is slowly increased, the ordered helical structure of the duplexes dissociates into two single strands. This dissociation is accompanied by an increase in UV absorption ("hyperchromicity") [36] . The midpoint of this transition is called the "melting temperature" (T m ) and is used to characterize the stability of a DNA duplex in solution [1] . In solution, hydrogen bonding between base pairs is not the only factor that dictates DNA duplex stability; stacking is also important [29, 37, 38] . A base's immediate "neighbor" on a given strand will stack with that base, so the next neighbor plays a large role in affecting overall duplex stability. Therefore, two duplexes with the same composition (and therefore the same number of hydrogen bonds) but different sequences often have different T m s. Studies have also established that solution phase T m s are calculable for short DNA duplexes (Ͻ24 base pairs), using empirical next-neighbor models [28, 29, 37, 38] . The accuracy of calculated T m values under ESI conditions (which differ from standard solution phase DNA melting conditions) has not heretofore been systematically tested [29, 37] . For each sequence, we first calculated the melting temperature (T m,calc ), using the program MELTING [28] . We then measured the T m (T m,expt ) for each sequence, to benchmark the calculated values (Table 1 ) [29] . To test the accuracy of the calculated values, we plotted T m,calc versus T m,expt ( Figure 1 ). The data form two clear lines, of differing slope. For the 7-to 12-mers, the calculated T m,calc is slightly lower than the experimental T m,expt values, but by a fairly constant amount, as indicated by the linearity of the relationship. For the 5-and 6-mers, the T m,calc is also lower than the T m,expt values by a fairly constant amount; this lowering is larger than for the 7-to 12-mers.
For the 7-to 12-mers, the good linearity of the T m,calc /T m,expt relationship means that the calculated T m value is a useful predictor, relatively speaking, of duplex stability. The 5-and 6-mers do not produce as good of a linear relationship, but again, relatively speaking, the T m,calc does indicate relative stability with accuracy. This benchmarking is valuable since the T m measurement is a time-consuming experiment and if calculations are reliable, they can be used alone for predictive power.
Regarding the poorer agreement between the T m,calc and the T m,expt values for the 5-and 6-mers (compared with the 7-to 12-mers), the probable cause is that the 5-and 6-mer duplexes are not well-formed helices [1] . The cooperative behavior of DNA formation (and melting) has a stronger driving force as the helix gets longer and, therefore, shorter duplexes tend not to display as consistent behavior.
Full-Scan Mass Spectrometry of DNA Duplexes
Next, we sought to ascertain the relationship between solution phase stability and mass spectrometric ion abundance. Previous work has indicated that stronger noncovalent complexes often show a stronger mass spectrometric ion signal [13, 19, 39 -41] ; however, until now, such a relationship has not been quantitatively or systematically studied for DNA duplexes. In an effort to see whether such a correlation is generalizable, we examined all 16 duplexes to ascertain their gas-phase abundances upon electrospray ionization. Each duplex was therefore electrosprayed, and a "full scan" spectrum was recorded ( Figure 2 ).
The duplex ions of the 5-mers and the 6-mers have two charge states, Ϫ3 and Ϫ2 (5-mer-I spectrum shown in Figure 2 ). For the 7-mers, the Ϫ3 charged duplex ions are observed nearly exclusively; 7-mer-II produces just a minor amount of the Ϫ4 duplex. For the 8-mers and 9-mers, two duplex charge states (Ϫ4 and Ϫ3) are observed (8-mer-I spectrum shown in Figure 2 ). For the 10-mers, 11-mers, and 12-mers, the duplex ions are only observed at the Ϫ4 charge state; any duplex ions with lower charge states (m/z Ͼ2000) cannot be detected due to instrumental limitations. Most likely, if there are lower charge states, they are of lower abundance than the Ϫ4 signal, since for the 5-, 6-, 8-, and 9-mer duplexes, the highest charge state is always the major peak. In each spectrum, consistent with others' results, both single strands and duplexes are detected [12, 32, 39, 40, 42] . The presence of the single strands could be attributable to disruption of the duplex by the ESI process, and/or the presence of single strands in solution which then get electrosprayed and appear in the spectra; probably it is a combination of both factors (vide infra) [19] .
To evaluate the correlation between the ion abundance and the solution phase composition, the normalized duplex percentages (DS%) in the gas phase are compared with the solution phase T m values (Table 1, Figure 3 ). Although this plot appears quite scattered, there are some observable trends. For the 5-mers, 5-mer I has a higher DS%, and a higher T m,expt as well, as compared with 5-mer-II. This trend continues for each set of duplexes; that is, for the two 7-mers, a higher DS% tracks with a higher T m,expt . For the two 8-mers, again, the more stable duplex in solution has a higher DS%. The 8-, 9-, and 10-mers also all track linearly (within each size). For the 11-mer data, the two DS% values are within experimental error of each other; although the values track "oppositely" of the T m data, the T m values are very close as well (T m,calc error is Ϯ1.6°C) so the DS% versus T m trend still seems to hold. The 12-mers, like the 5-to 10-mers, track with the corresponding T m values (though as with the 11-mer data, the DS% values are within experimental error of each other). Therefore, for these data, the duplex ion abundances are a reflection of the corresponding solution phase stabilities, within a given oligonucleotide size. This conclusion is useful as it implies that duplex ion abundances could be used as a rapid assay for solution phase stability. But, why can we only compare within a given size? One of the features of our data that is related to this restriction is the strangely low DS% values of the 10-through 12-mers. For example, 7-mer-I has a T m,expt value of 24.8°C. The DS% value is 56.9%. In contrast, 12-mer-I, which has a similar T m, expt value (24.6°C), has a DS% value of only 6.9%. Why is it that the larger oligonucleotide has the same melting temperature value and yet a much lower DS% value? We realized that in designing the duplexes for this study, as the oligonucleotides became longer, we decreased the GC content to keep the melting temperatures low enough to favor noncovalent dissociation of the single strands rather than fragmentation of covalent bonds (vide infra). Although it has been established that a higher GC content leads to greater solution and gas-phase stability of duplexes [11, [13] [14] [15] , what we are observing here is new: that a higher GC content also affects ESI survival, and that two duplexes of equivalent stability in solution (as measured by melting temperature) may not display the same ion abundance.
To test this hypothesis, we examined a series of 8-mer duplexes ( Table 2 ). The 8-mers were chosen because of the 16 original duplexes examined, these are extremely well behaved in that we see a strong signal at the Ϫ4 charge state.
The first set of 8-mers, A-F (Series 1), varies in GC%, increasing from 0 to 75%. The second set of 8-mers, G, H, J, D, K, and L (Series 2; 8-mer-D is in both sets), has a constant GC% value of 50%. For the 8-mers A through F (Series 1), as GC content increases, the T m,calc steadily increases and so too do the DS% values (Table 2) . For the latter set (Series 2), where all the duplexes have GC content of 50%, the DS% also tracks roughly with the T m,calc (Table 2 ). However, although the duplexes in Table 2 are all 8-mers, the DS% does not track overall with T m,calc and, as we predicted, the complicating factor is GC%. For example, 8-mer-E has virtually the same T m,calc as 8-mer-L (25.9 versus 25.4°C) and yet 8-mer-E, which has a higher GC%, also has a higher DS% (70.5% versus 61.1%). Likewise, 8-mer-C has a comparable T m,calc to 8-mer-G (15.8°C and 16.1°C, respectively), yet the sequence with a higher GC% (8-mer-G) has a higher DS% (44.9% versus 35.6%). Therefore, using ion abundance to measure relative solution phase stability must be conducted with caution; two duplexes can have the same melting temperature, but not the same relative abundances, since sequences with higher GC% will have a stronger signal, presumably due to better survival during ESI. We wish to stress that this is a new result; we are not merely noting that a higher GC content contributes to higher duplex stability-this is already known. Instead, we have shown that two duplexes with the exact same solution phase stability can still electrospray differentially if they have differing GC content. It should also be noted that the DS% value itself can change under different conditions; it is important to run all the experiments under the same conditions to get meaningful relative values [12, 13, 19, 35, 41] .
Gas-Phase Stability of DNA Duplexes Examined by CID
Dissociation versus fragmentation. Having tracked the solution phase stabilities of the 16 duplexes with T m,calc , T m,expt , and DS%, we next turned toward examination of the gas-phase stability. We assess the gas-phase stability by an "E 50 " value, which is the collision energy at which the duplex signal has decreased by 50% (Figure 4 ) [11] . This E 50 is only meaningful, however, if the major pathway upon CID is dissociation of the duplex into its constitutive single strands. Unfortunately, upon CID, covalent fragmentation can also occur [11, [13] [14] [15] 32] . For example, CID of [5-mer-I] 3Ϫ yields all single strands (ss) as product ions; in contrast, CID of [5-mer-I] 2Ϫ results in both dissociation (to produce single strands) as well as covalent fragmentation (where a base is lost).
Our goal is to generalize the factors and patterns that control the dissociation/fragmentation relationship. Intuitively, one would expect more dissociation (and correspondingly less fragmentation) from a duplex that has more charge-Coulombic repulsion would favor the duplex separating into two strands, and indeed, this has been observed by others [11, 15] . To better examine this relationship between dissociation and charge for duplexes of different lengths and charge states, we need a measure of how much charge a duplex is carrying, regardless of its length; that is, if a long duplex carries a charge of Ϫ3, it will have less Coulombic repulsion than a shorter duplex with the same charge. To make fair comparisons, we define and use a normalized term we coin "charge level", which is the ratio of actual charge to the total possible charge of a duplex ion [19, 43] . For example, a 5-mer duplex could hypothetically carry a total charge of Ϫ8, so a Ϫ3 charged ion has a charge level of 3/8 ϭ 37.5%. Such a normalized value is useful for making generalizations across sets of data containing duplexes of varying lengths.
The data for the 16 duplexes is summarized in Table  3 . A given path (D represents duplex dissociation, F represents covalent fragmentation) is indicated if it accounts for Ͼ5% of the products. "N/a" indicates that only one charge state is seen for the duplex, so there is no minor charge state. We have also listed the GC content (%) of each sequence; it has been previously observed that higher GC content leads to higher gasphase stability, presumably since the G·C base pair has one more hydrogen bond than the A·T base pair and therefore better stabilizes the duplex [11, 13, 15, 42, 44] . A duplex with a higher GC content will therefore tend to undergo more covalent fragmentation because the two strands are more tightly bound to each other.
In an effort to assess the generalizability of charge level in comparing duplexes of different lengths, we compare our results to earlier landmark studies. In 2002, Gabelica and De Pauw systematically examined the dissociation of a series of 12-mer duplexes under different collision regimes [14] . Using the LCQ, under the same conditions as we use (activation time ϭ 30 ms), these authors also see varying amounts of dissociation versus fragmentation depending on sequence (first three entries, Table 4 ). All 12-mers have a charge state of Ϫ5, which corresponds to a charge level of 22.7%. For the sequence 5=-CGTAAATTTACG-3=/3=-GCATTTAAATGC-5=, which has 33% GC, Gabelica and De Pauw see mostly D, with a small amount of F. Our 10-mers have a lower GC% (20%), but a comparable charge level (22.2%) ( Table 3 , "major" column); since our GC content is lower, we would expect dissociation to be as or even more favorable, relatively speaking, than for Gabelica's 12 mer, and in fact we do see essentially all D (Table 3) . The second 12-mer examined by Gabelica and De Pauw is 5=-CGCGAATTCGCG-3=/3=-GCGCTTAAGCGC-5=, which is 67% GC and for which the authors see both D and F. The most comparable duplexes in our study would be the 5-mers, which have 60% GC (Table 3 ). The minor charge state for our 5-mers, Ϫ2, has a comparable charge level (25.0%) to that of the Gabelica 12-mer (22.7%) and our results are consistent: we see both D and F.
The third 12-mer that Gabelica and De Pauw studied is 5=-CGCGGGCCCGCG-3=/3=-GCGCCCGGGCGC-3=, which has a GC% of 100% and for which the authors see only F; we have no duplex with such high GC% for comparison.
W e also list in Table 4 three sequences examined in 2000 by Gross and coworkers using, as we do, CID in a quadrupole ion trap [11] . The first duplex, a 6-mer with the sequence 5=-ATATAT-3=/3=-TATATA-5=, has zero GC content and a charge level of 30%, and only D is observed. We have no duplex with such a low GC content and high charge level, but our 6-mers have even higher GC content (50%) and the same charge level, and only D is observed, consistent with Gross' work. Clearly, the high charge level favors dissociation even though the GC content in our duplex is higher. The second duplex examined by Gross and coworkers is a 12-mer, 5=-CGCGAATTCGCG-3=/5=-GCGCTTAAGCGC-3=, which is actually the same duplex examined by Gabelica and coworkers (entry no. 2, Table 4 ); Gross' results are consistent with Gabelica's and ours. Gross and coworkers also examined a second 6-mer, with the sequence 5=-GCGCGC-3=/3=-CGCGCG-5=. The GC content of this duplex is 100%, and the authors observe "quite abundant product ions by cleavage of covalent bonds" (F) [11] . This result is consistent with Gabelica's 12-mer 5=-CGCGGGCCCGCG-3=/3=-GCGC-CCGGGCGC-5= (Table 4 , entry no. 3), which also has 100% GC; although the charge level is lower, Gabelica also sees F as the major pathway, presumably due to the 100% GC content.
To summarize, we have shown that by using charge level, we can compare duplexes that differ in sequence, size, and charge state. In doing so, we find that our results are consistent with earlier studies, and that the previous studies are also consistent with each other. Charge level is therefore a useful method by which we can normalize charge effects, and we plan to conduct systematic future studies to quantitate "crossover" charge level and GC content points where dissociation or fragmentation prevail [45] .
We also note that while there are other studies that have examined dissociation versus fragmentation of DNA duplexes, we only compare our results with other CID-quadrupole ion trap studies that use the same collision conditions as we do; Gabelica and De Pauw have shown the importance of considering collision regimes, since fast activation conditions favor dissociation [14] . For example, the duplex in entry no. 2 (Table  4) exhibits very little fragmentation when Q-TOF2 is used [14] . 
a Reference [14] . b Reference [11] .
Gas-phase stability (E 50 ) versus solution phase stability (T m ).
To next focus on duplex gas-phase stabilities, we chose those duplexes that undergo dissociation only, so that we can use E 50 s meaningfully. The only duplex that shows exclusive dissociation but is not discussed here is the 10-mer series, for which we had experimental issues with obtaining the CID curve; we observe severe "tailing" wherein the duplex signal persists, even at high collision energies. The E 50 s for the 5-, 6-, 8-, and 9-mer duplexes are listed in Table 1 . Our interest is to compare and contrast the gas and solution phase stabilities. A higher E 50 value indicates a more stable duplex in the gas phase. Therefore, in the gas phase, 5-mer-I (E 50 ϭ 11.48%) is more stable than 5-mer-II (E 50 ϭ 11.22%); 8-mer-I (E 50 ϭ 10.53%) is more stable than 8-mer-II (E 50 ϭ 10.27%); and 9-mer-I (E 50 ϭ 10.61%) is more stable than 9-mer-II (E 50 ϭ 10.50%). These relative trends are consistent with the solution phase trends; that is, the N-mer-I duplexes have higher T m,expt s than do the N-mer-II duplexes. An exception to the E 50 /T m,expt correlation is the stability trends for 6-mer-I and 6-mer-II. The gas-phase stability of 6-mer-I (E 50 ϭ 12.57%) is less than that of 6-mer-II (E 50 ϭ 12.75%). In contrast, the T m and DS% of 6-mer-I are higher than those of 6-mer-II, indicating that the 6-mer-I duplex is more stable than 6-mer-II in solution. A reversal in gas-phase stability versus solution-phase stability in complementary duplexes has been observed once earlier, to our knowledge, by Gabelica and coworkers; in a study of four 16-mer duplexes with 50% GC content, they found that the gas-phase stability of one duplex did not parallel its calculated solution-phase stability [15] . These authors hypothesize that the sequence of the "misbehaving" duplex, which has four A's in a row, is distorted due to this A-tract, causing problems with the calculated solution phase stability and also possibly leading to reduced gas-phase stability.
We found our result puzzling as we do not expect either of the 6-mers to have a distorted structure. Exceptions in gas-phase versus solution-phase trends such as these are of primary interest to us as they imply that solvation plays a role in reversing the stabilities. We also believe that these exceptions are not that uncommon: we have found with a series of 9-mer duplexes that are both complementary and noncomplementary (with mismatches), that gas and solution phase stabilities can often differ; our studies indicate that the differences can be traced to the fact that stacking predominates in solution while hydrogen bonding dominates in the gas phase [19] .
We hypothesize that with complementary duplexes such as the ones studied herein, the gas/solution phase correlation is less reliable when the GC content is the same among the studied duplexes. When the GC percentage is constant in a series of duplexes, then hydrogen bonding effects should be similar, and any differences in stability will be attributable to stacking. Stacking is a strong and well-understood force in solution, (which is the basis for nearest-neighbor predictions of stability), but it is a relatively weaker force in the gas phase and has not yet been systematically examined [15, 28 -31, 37, 38] . Hydrogen bonding dominates in the gas phase; therefore, if one studies a series of duplexes with differing GC content, the gas-phase stabilities will track with the increasing GC content. Hydrogen bonding is still a strong force in solution and, therefore, the gas and solution phase stabilities tend to parallel each other.
To test this hypothesis, we studied several more 6-mers and 8-mers. The 6-mers were chosen since it is within this set that we saw the gas/solution phase exception. The 8-mers were chosen because of the original 16 duplexes examined, these are very well behaved; we see a strong signal at the Ϫ4 charge state, and CID produces minimal covalent fragmentation.
The 6-mers were designed to maintain the same (50%) GC content (Table 5 and Figure 5 ). Based on our hypothesis, we would expect these 6-mers not to have a clear linear correlation between gas and solution phase stabilities. Indeed, the 6-mer data are listed in increasing T m,calc value in Table 5 ; it is quite clear that the E 50 values do not increase correspondingly and Figure 5 shows a scattered plot. As we predicted, when the GC content is held constant, stacking dictates differences in stability, and apparently these factors differ in solution than in the gas phase.
For the additional 8-mer studies, we used the same duplexes that were examined in the DS% studies. Eight-mers A-F constitute "Series 1", which have varying GC content (Table 2) . Eight-mers G, H, J, D, K, and L (D appears in both series) constitute "Series 2",which all have a GC content of 50% (Table 2 ). By our hypothesis, we predict that Series 1 would yield a clear gas-solution phase correlation, since the GC content varies. For Series 2, where all the duplexes have the same GC content, we expect no correlation, as we observed with the 6-mers.
The Series 1 8-mer data are listed in Table 2 and Figure 6 . The data are listed in Table 2 by increasing GC%, which also correspond to increasing T m,calc (8-mer-A produced too weak of a duplex signal to conduct reproducible CID studies). One can see that the E 50 values also increase and a plot of the data (E 50 versus T m,calc ), while not perfectly linear, shows a clear gassolution phase correlation ( Figure 6 ). The Series 2 data are also listed in Table 2 ; the duplexes are ordered in increasing T m,calc values. As predicted, the E 50 values do not increase accordingly, and the plotted data is quite scattered (Figure 7) . Therefore, apparently our hypothesis holds true: when duplexes have the same GC content, the gas and solution phase behavior does not always correlate because relative stacking differs in the nonpolar versus polar media. If GC content does vary, then the strong hydrogen bonding forces result in parallel (though not always perfectly linear) behavior in the gas phase versus solution. This hypothesis holds for earlier studies as well. In the 2002 study containing the gas/ solution exception, Gabelica and De Pauw only compared duplexes that contained the same GC content (since they were interested in focusing on stacking effects) [15] . Two duplexes with 25% content are compared; the duplex with the higher gas-phase stability also has a higher calculated solution-phase stability (as indicated by computed melting enthalpy). As noted earlier in this section, when four duplexes with 50% GC content are compared, three show a parallel gas-phase/ solution-phase trend, but one does not. When three duplexes of 75% GC are compared, the gas and solution phase stabilities correlate. We argue that the exception that is seen with the 50% GC duplexes is not unusual; as one compares more duplexes with the same size, charge, and GC content, one is bound to find, as we did, differences in gas versus solution phase stabilities. Stacking interactions may still be conserved in the gas-phase, but their relative "worth" may change in the highly nonpolar environment.
In another study, Gabelica and De Pauw tracked the solution versus gas-phase stability of a series of 16-mers that differ in GC content [13] . To visualize their results, we plotted their data and found, in accord with our hypothesis, that the gas/solution phase correlation for these duplexes with varying GC content is definitively linear.
Clearly, base stacking is a property that differs quite substantially in the gas phase versus in solution; future studies will focus on understanding gas-phase base stacking effects. Table 2 ). Figure 7 . Plot of gas-phase stabilities (E 50 ) versus solution phase stabilities (T m,expt ) for "Series 2" 8-mer duplexes, all of which have 50% GC content (see Table 2 ). Figure 5 . Plot of gas-phase stabilities (E 50 ) versus solution phase stabilities (T m,expt ) for six 6-mer duplexes (see Table 5 ).
Biomedical Application: The Gas-Phase Stability of DNA Duplexes Containing Mutagenic Lesions
One of the driving forces for our studies of DNA duplex stability is to understand the effects of damaged bases. The main question we wish to answer is, how does the presence of a damaged base affect the stability of DNA? One of our focuses is the O 6 -methylguanine lesion, which is produced in DNA by alkylating agents and is believed to be fundamental to the mutagenicity and carcinogenicity of such agents. When an oligodeoxynucleotide containing OMG is inserted into a viral or plasmid genome, the OMG causes a G ¡ A transition exclusively [20 -22, 24, 25] . That is, guanine in a healthy duplex binds cytosine. When guanine mutates to OMG and the duplex replicates, the DNA polymerase enzyme puts a thymine opposite OMG-that is, OMG prefers to bind to T during replication. The strand with thymine will replicate and ultimately pair with an adenine; thus the OMG mutation is referred to as a G ¡ A transition.
Although the strong preference after OMG damage for the G ¡ A transition implies that OMG preferentially pairs to thymine over cytosine [46 -48] in solution, studies on duplexes containing OMG indicate that the (OMG)·C pair is more stable than the (OMG)·T pair, regardless of the sequence [26, 49, 50] . Thus, OMG prefers C in aqueous solution, but in biological replication, the enzyme DNA polymerase incorporates a T opposite OMG. The reasons for this could be structural-the (OMG)·T pair may "fit" better into the enzyme active site. However, because enzyme active sites are often nonpolar, reactivity can be markedly different than in aqueous solution [7, 9] . We wondered if perhaps in a nonpolar environment, OMG might prefer T over C. As a test of this possibility, the gas-phase stabilities of DNA duplexes containing (OMG)·C and (OMG)·T could be compared. The gas phase is the ultimate nonpolar environment and would indicate the intrinsic affinity of OMG for C versus T.
We examined a series of 9-mer duplexes of the sequence 5=-GGTTXTTGG-3=/3=-CCAAYAACC-5=, where X ϭ OMG and Y ϭ C or T; and Y ϭ OMG, X ϭ C or T. This particular sequence has been well characterized in solution phase OMG studies; furthermore, our present studies on duplexes of varying length indicate consistent behavior of 9-mers in CID studies [26] . Also, based on the results of the systematic study, we wanted a series of duplexes that were related and had roughly the same GC content, since we wished to assess the gas-phase stability. We refer to these duplexes as "XY" duplexes. When X ϭ OMG, the E 50 values of the (OMG)C and (OMG)T duplexes are 8.91 Ϯ 0.06% and 8.48 Ϯ 0.05%. Therefore, the (OMG)C duplex is more stable than (OMG)T in the gas phase. In the duplexes where Y ϭ OMG, the E 50 values of the C(OMG) and T(OMG) duplexes are 8.61 Ϯ 0.03% and 8.47 Ϯ 0.04%. The C(OMG) duplex is thus more stable than T(OMG) in the gas-phase. In essence, for the sequences examined, duplexes containing an (OMG)·C base pair are more stable than those with an (OMG)·T pair, which is the same behavior observed in aqueous solution. Therefore, the stability of the duplex, regardless of the medium, is in direct disagreement with what happens in Nature, thus implying that the polymerase enzyme plays a specific role in recognizing and favoring the pairing of OMG with T.
Conclusions
Understanding the features of electrosprayed oligonucleotides is important both for fundamental (how does solvent affect DNA structure and stability?) as well as applied reasons (how does DNA gas-phase behavior impact MS sequencing, screening, and assay studies?).
In this work, a series of 31 duplexes, ranging in size from 5-to 12-mers, was examined. To our knowledge, this is the first systematic study of a set of duplexes that differ in sequence and size, to establish both solution and gas-phase stabilities.
We have shown that the computational program MELTING does not always give accurate absolute melting temperatures, but is a reliable tool for predicting relative solution phase stabilities; this calculational tool is a useful, efficient replacement for traditional UV melting temperature experiments.
We have found that ion abundances do not always track with solution phase stability; GC content must be taken into account. Two duplexes with the same T m yet with differing GC content can yield different ion abundances. That is, if two duplexes have the exact same melting temperature, yet one has a higher GC content, the duplex with the higher GC content yields a higher ion abundance. This result is tantalizing in that it indicates that the gas phase can be different from the solution phase; it is not just a matter of GC providing more stability than AT-what we see is that two duplexes of the same stability do not electrospray equally if they have differing GC content.
We also examined the factors contributing to dissociation (into single strands) versus fragmentation (covalent bond breakage) in the CID studies of the duplexes. Our utilization of a normalization that we call "charge level" leads to a consistent story in dissociation versus fragmentation for duplexes studied by us as well as others, regardless of length, sequence, or charge state. Charge level and GC content work together to dictate dissociative behavior, and future studies will involve finding exact crossover points in terms of how these two features balance each other out.
We also examined those duplexes that primarily dissociate and used CID to assess the gas-phase stabilities. We find that gas-phase and solution-phase stabilities are more apt to parallel each other if the GC content is varied. When the GC content is kept constant, base stacking dictates stability and our results show that base stacking appears to be quite different in the gas-phase than in solution. Our interpretation enables us to bring previous data and our results into a consistent, understandable story. Future studies will involve the elucidation of base stacking patterns in the gas phase.
Last, we used our methodology to design an experiment to ascertain whether O 6 -methylguanine (OMG) prefers thymine or cytosine in the gas phase; in nature, its preference for thymine is deleterious. We wished to assess whether OMG has an intrinsic preference for thymine in the absence of solvent. The relevance of the reactivity of OMG in the gas phase is because the polymerase enzyme active site may be nonpolar; this nonpolar environment may induce a shift in OMG's base pairing preferences. We find that for the 9-mer sequence we studied, in the gas phase, as in solution, OMG actually prefers cytosine; therefore, the pairing of OMG with thymine in nature is effected by the polymerase enzyme through specific interactions, not that of general nonpolarity of media.
